Abstract Excessive and long
Introduction
Alcoholism is a major global health problem, and an estimated 3.8 % of all deaths and 4.6 % of disability-adjusted life-years are attributable to alcohol consumption (Rehm et al. 2009 ). The liver is an important organ for detoxification as well as the deposition of endogenous and exogenous substances. Liver disease is a serious health problem (Diehl 2002; Mann et al. 2003) . Ethanol is a known hepatotoxin, and alcoholic liver disease (ALD) is caused by excessive ethanol consumption. The pathological mechanisms of ALD are complicated (Fernando et al. 2010; Purohit et al. 2004 ) but result predominantly from alcohol metabolism, alcohol-induced oxidative stress, lipid peroxidation, free radicals, and alcohol-induced cytokines and inflammation (Arteel et al. 2003; Cohen et al. 2011) . Previous studies have revealed that many antioxidants, particularly those of natural origin such as polyphenol compounds (Hou et al. 2010; McKim et al. 2002) , amino acids, and peptides Zhang et al. 2012) , play a vital role in protecting liver tissues and hepatocytes from chronic alcohol consumption-induced oxidative injury in rodents and humans (Lee and Kowdley 2012) .
C-phycocyanin (C-PC) is a unique light-harvesting protein found in some algae. C-PC exerts several pharmacological activities, and its antioxidant activity is particularly prominent. Previous studies demonstrated that C-PC could significantly decrease Kupffer cell phagocytosis and the associated respiratory burst activity; abolish the oxidative stress-induced tumor necrosis factor (TNF-α) response and NO production in the hyperthyroid state (Remirez et al. 2002) ; and also significantly reduce the hepatotoxicity caused by pretreatment with carbon tetrachloride, R-(+)-pulegone (Vadiraja et al. 1998) , and thioacetamide (TAA) (Sathyasaikumar et al. 2007 ). It also protects against carbon tetrachloride-induced hepatocyte damage in vitro and in vivo, protects hepatocytes from CCl 4 -induced free radical damage, and blocks inflammatory infiltration by inhibiting transforming growth factor (TGF-β1) and hepatocyte growth factor (HGF) expression (Ou et al. 2010) . Reactive oxygen species (ROS) play a crucial role in the pathology and progression of liver diseases (Vitaglione et al. 2004 ). C-PC exhibits free radical scavenging and antioxidant activities (Bhat and Madyastha 2000) . The aims of the current study were to investigate whether C-PC had protective effects against ethanol-induced hepatocyte damage and assess the underlying mechanisms.
Materials and methods
C-PC was extracted and purified from Arthrospira. Briefly, the extraction and purification processes included immersion, precipitation with ammonium sulfate, centrifugation, dialysis, and two rounds of chromatography using hydroxyapatites. The absorption spectra A 620 /A 280 =4.0. The purity of C-PC is assessed by an absorption rate of A 620 /A 280 , and the purity of food grade of C-PC is 0.7, and 4.0 for reagent-grade (Patil et al. 2006) .
Assay kits for aspartate transaminase (AST), alanine aminotransferase (ALT), low-density lipoprotein (LDL) cholesterol, triglycerides (TG), total cholesterol (CHOL), and total bilirubin (TBIL) were from Abbott Co., Ltd (Shanghai, China). Assay kits for superoxide dismutase (SOD) and malondialdehyde (MDA) were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Absolute ethanol was obtained from Sinopharm Chemical Reagent Co., Ltd, China. Bovine serum albumin was from Gibco Thermo Fisher Scientific Co., Ltd, China. Phycoerythrin (PE)-conjugated anti-CD4, fluorescein isothiocyanate (FITC)-conjugated anti-CD3, and allophycocyanin (APC)-conjugated anti-CD8 antibodies were obtained from Becton Dickinson Medical Devices (Shanghai) Co., Ltd.
Instruments
An Abbott ARCHITECT c16000 automatic biochemical analyzer was used at the Affiliated Hospital of Binzhou Medical College. A BD FACSAria flow cytometer was used at Binzhou Medical University.
Animals and treatment
Female KM mice (18-22 g) were obtained from Shandong Luye Pharmaceutical Co., Ltd (Yantai, China). The mice were quarantined and acclimated for 1 week prior to experimentation. The mice were maintained with 12-h light/dark cycles in a temperature-and humidity-controlled room. The animals were divided randomly into five groups, each containing 20 mice. The five groups were the model group; the control group; and the low-, middle-, and high-dose C-phycocyanin groups. Mice in the three test groups were treated with daily doses of 100, 200, and 400 mg kg −1 bodyweight of C-PC, respectively, for 42 consecutive days. Mice in the normal and model groups were treated using physiological saline. On the last 15 days of treatment, the mice were gavaged with 30 % absolute ethanol (10 mL kg −1 bodyweight), except for those in the control group, which were gavaged with physiological saline. On the last day of the experiment, the mice were fasted for 4 h after treatment with ethanol or physiological saline and then sacrificed. Blood was collected into nonheparinized Eppendorf tubes and centrifuged (2000 rpm, 10 min, 4°C). Serum was collected and assayed for biochemical markers. The livers were also removed and divided into two halves. One half was used for hepatic SOD and MDA assays, and the other was fixed in 10 % formalin solution for histopathological analysis.
Biochemical assays
Assays for biochemical markers in serum samples Serum AST, ALT, LDL, TG, CHOL, and TBIL levels were measured using an automatic biochemical analyzer.
Hepatic SOD and MDA assays SOD and MDA levels in liver homogenates were measured using colorimetric enzymatic methods with commercial kits according to the manufacturer's protocols.
Spleen cell proliferation The spleens were removed aseptically from the mice, crushed gently, and separated into single cells by squeezing in 5 mL phosphate buffer solution (PBS) solution (Gibco). The resulting cells were passed through eight layers of gauze and centrifuged at 1000 rpm for 5 min at 4°C to remove the erythrocytes. After washing twice with Roswell Park Memorial Institute (RPMI) 1640 medium containing 100 U mL −1 penicillin, 100 U mL −1 streptomycin, and 10 % fetal calf serum (FCS) (RPMI 1640 medium), the cells were resuspended in RPMI 1640 medium and cultured. The spleen cells were cultured in 96-well flat-bottomed microplates (Falcon) at a density of 5×10 5 cells well −1 in RPMI 1640 medium (0.2 mL) and stimulated with 5 μg mL −1 concanavalin A (ConA) for 72 h at 37°C in an atmosphere containing 5 % CO 2 in the presence or absence (control group) of various concentrations of C-PC. Then, cell growth was evaluated using a modified CCK-8 assay. Briefly, 20 μL of 5 mg mL −1 CCK-8 in RPMI 1640 was added, and cells were incubated for 4 h. The plate was shaken for 10 min and then read using an ELISA reader at 450 nm. All assays were performed in triplicate, and the effects of C-PC on ConA-induced mouse spleen cell proliferation was calculated using the following equation:
Analyzing the thymus T cell subsets The thymus T cell subsets (CD3+, CD4+, and CD8+) were assayed using flow cytometry. The thymi were extracted from the control and experimental groups after the mice were sacrificed. Single-cell suspensions were made from the extracted thymi using a 75 μm filter by gently adding PBS. The suspensions were centrifuged at 1700 rpm for 5 min, the supernatants were discarded, and the pellets were washed with PBS. After counting, the cell density was adjusted to 5×10 6 mL −1 using PBS. Finally, the total number of cells in each tube was 5×10
5
(100 μL)
. The cells were then labeled with the appropriate monoclonal APC-conjugated anti-CD8, FITC-conjugated anti-CD3, and PE-conjugated anti-CD4 antibodies according to the manufacturer's instructions. Briefly, 10 μL antibody was added to each tube, mixed gently, kept at 4°C in the dark for 30 min, and washed three times with PBS. The flow cytometry results were analyzed using a BD FACSDiva 7 software application. The experiment was repeated three times.
Histopathological analysis After the mice were sacrificed, the livers were extracted promptly and carefully. The livers were examined for any abnormal color, exudate, edema, hyperplasia, and atrophy. A square block of tissue from each liver was cut and fixed in 4 % neutral formalin buffer overnight. The samples were then washed repeatedly under running water to remove the fixing agent. Gradient ethanol solutions (70-100 %) were used to dehydrate the samples, and xylene was used to make them transparent. The samples were embedded in paraffin, stained with hematoxylin and eosin (H&E), and observed under a microscope at ×400 magnification.
Statistical analysis
Data are expressed as means±SDs, and the significance of differences among groups was analyzed using SPSS 22.0 software. Statistical analyses were evaluated using one-way analysis of variance followed by Student's two-tailed t test for comparisons between two groups and Dunnett's t test for comparisons between the control group and multiple-dose groups.
Results
Protective effects of C-PC on subacute ethanol liver injury Pretreatment with C-PC for 42 days attenuated subacute ethanol liver injury effectively. As shown in Table 1 , serum ALT and AST levels were increased by 113.6 and 96.72 % (P<0.01) in the model group compared with the control group, respectively. The TG, CHOL, and LDL levels in the model group were increased by 184, 68.75, and 85.71 % (P<0.01), respectively, compared with the control group. Thus, ethanol injured the livers of mice in the model group and altered the levels of liver marker enzymes in serum. Compared with the model group, ALT levels were decreased by 31.55, 31.90, and 36.50 % (P<0.01) and AST levels were decreased by 21.51, 22.99, and 28.00 % (P<0.01) in the low-, middle-, and high-dose C-phycocyanin groups, respectively. The TG levels were decreased by 9.15, 20.42, and 32.39 % (P<0.05 or P<0.01); CHOL levels were decreased by 37.01, 35.61, and 39.03 % (P<0.01); and LDL levels were decreased by 14.70, 32.35, and 35.29 % (P<0.05 or P<0.01) in the low-, middle-, and high-dose C-phycocyanin groups, respectively. Compared with the model group, C-PC inhibited the increase in these indices effectively. The 400 mg kg −1 dose of C-PC was most effective at restoring ALT, AST, TG, CHOL, LDL, and TBIL to their normal levels ( Table 1) .
Effects of C-PC on the hepatic antioxidant system
Several studies have reported that the accumulation of lipids in the liver is a critical early stage in the development of ALD (Teli et al. 1995) , which makes the liver susceptible to inflammatory mediators or other toxic agents (Purohit et al. 2004) . It is generally accepted that increased lipid peroxidation is a major pathogenic mechanism during ethanol-induced hepatotoxicity. The MDA and SOD levels in mouse liver homogenates are shown in Table 2 . Compared with the control group, hepatic MDA levels in the model group were increased by 112.6 % (P<0.01), whereas the SOD content was decreased by 33.70 % (P<0.01). C-PC pretreatment for 42 days suppressed the MDA increase and SOD depletion effectively. C-PC pretreatment enhanced the SOD content. Compared with the model group, the MDA content in the C-PC-treated mice was decreased by 12.47, 23.55, and 29.52 % (P<0.05 or P<0.01) and the SOD levels were increased by 18.28, 33.57, and 37.45 % (P<0.05 or P<0.01) in the low-, middle-, and high-dose C-phycocyanin groups, respectively. Table 2 shows that C-PC could inhibit the consumption of SOD caused by subacute ethanol liver injury effectively, and also increase SOD levels significantly, thereby protecting the liver cells and reducing the extent of the damage (Mottaran et al. 2002; Tuma 2002; Tuma and Casey 2003; Duryee et al. 2008 ).
Effects of C-PC on the thymus T cell subsets and mouse spleen cell proliferation
Immune dysregulation plays an important role in alcoholic liver diseases (Lemmers et al. 2009; Thomas et al. 2006; Jeong and Gao 2008; Duryee et al. 2008) . As shown in Table 3 , the T cell proliferation growth rate and serum CD3 and CD4 activation were increased significantly in the highdose C-PC group compared with the model group (P<0.05). The CD4/CD8 ratio was increased in the high-dose C-PC group, which might be because C-PC decreased alcoholinduced hepatic steatosis and lipid peroxidation (Mottaran et al. 2002) (Fig. 1) .
Effect of alcohol and C-PC pretreatment on hepatic pathology in mice
The pathological changes in the mouse livers were observed using microscopy (Fig. 2) . Histopathological examinations showed that the hepatic lobule structure was clear, the hepatic cell cords were arranged radially in neat rows, the liver sinus was normal, and the nuclear structure was clear in mice in the control group (a). The hepatic lobules in mice in the model group (b) were not clear, the hepatic cell cords were disordered, and the liver sinus was narrowed and scattered with patchy hepatocyte ballooning and punctiform necrosis. Inflammatory cell infiltration was also observed. In addition, the hepatocytes were cloudy, and their cytoplasm and nuclei exhibited pale staining. Diffuse cytoplasmic lipid droplets were seen, the nuclei were ambiguous, and liver cell necrosis was observed. In the high-dose C-PC group (e), liver cells were restored to normal, the liver cell cords were arranged in neat rows, and the liver sinus had returned to normal. In addition, liver cell swelling and inflammatory cell infiltration had reduced significantly, and the spotty necrosis had disappeared. Some hepatocytes around the central vein had returned to normal, but the surrounding liver cells were still cloudy and swollen, indicating ballooning degeneration. The medium-(d) and low-dose C-PC groups (c) exhibited a clear liver lobule structure, the liver sinus had returned to normal, and the liver cell cords were arranged radially. In addition, the liver cell cloudiness and swelling, inflammatory cell infiltration, and punctate liver cell necrosis had all decreased significantly. Scattered small lipid droplets were inhibited obviously by 42 days of C-PC pretreatment.
Discussion
The liver is not only an important organ of the human body metabolism system, but also an important immune organ of the body. Long-term excessive ethanol drinking can lead to a variety of alcoholic liver diseases, including fatty liver, alcoholic hepatitis, alcoholic liver fibrosis, alcoholic liver cirrhosis, and even the development of liver cancer. Alcoholic liver disease exact pathogenesis is not very clear, but now it is widely recognized that alcohol and its metabolites cause damage to the liver by affecting the immune factors, oxidative stress, and lipid peroxidation (Lakshman 2004; Romero et al. 1998) . Under normal physiological conditions, there is a balance between the rate of free radical generation and removal, and free radical-induced cellular damage is repaired. Excessive alcohol produces free radicals in liver cells, which results in the peroxidation of lecithin polyunsaturated fatty acids. This in turn produces more free radicals, resulting in the weakening and hyper-permeability of the cell membrane. The liver antioxidants levels are reduced in ALD animal models, which is caused by the decreased production of endogenous antioxidants and the increased production of over-oxidant generation (Iimuro et al. 2000; Nanji et al. 1994) .
Cytokine production plays an important role in pathogenesis (Aubert et al. 2011; Lu and Cederbaum 2008) . Afterwards, ethanol is rapidly absorbed in the gastrointestinal mucosa and into the blood. Liver metabolic activation of oxygen radicals can occur with liver cellular macromolecule covalent binding, liver cell membrane lipid peroxidation of unsaturated fatty acids, structure and function of the liver cell membrane damage, and increased permeability of the membrane. This results in cell swelling and necrosis. It accurately reflects liver function, metabolism, and morphological changes after exposure to chemical and is commonly used in the interpretation of the pathogenesis of certain liver steatosis (Pascual and Romay 1992) . Studies have shown that C- ) and ethanol-treated mice phycocyanin has a hypolipidemic effect and helps in the prevention of vascular endothelial injury and vascular atherosclerosis (Riss et al. 2007; Strasky et al. 2013) .
ALT and AST mainly exist in the cytoplasm of liver cells. When the liver is damaged, intracellular aminotransferase enters the blood, so transaminase is a sensitive marker of liver damage (Gurung et al. 2013) . In this experiment, the liver index and liver function (ALT, AST) increased after the liver was damaged, with pathological changes of different degrees. C-phycocyanin can reduce liver index and liver function and has a role in mitigation of alcohol pathological liver injury (Table 1 ). This suggests a protective effect in subacute alcoholic liver injury.
Research shows that bilirubin metabolism includes liver uptake, binding, and excretory processes. One or more of these dysfunctions can cause elevated bilirubin. Checking bilirubin metabolism therefore is important to determine liver function (Kamisako et al. 2000) . Significantly higher concentration of bilirubin often reflects severe liver cell damage (Laer et al. 1997) . The liver plays a very important role in lipid metabolism, including the absorption of lipids, lipoproteins, and neutral lipids and phospholipid synthesis, decomposition, and metabolism, and is involved in cholesterol metabolism. The liver is the main anabolic organ of CHO and TG. The normal liver function will maintain the relative balance of lipid metabolism. When liver function is impaired, lipid metabolism becomes disordered, the lipid concentration changes, liver cell swells, and degeneration and necrosis take place. So hormone metabolism changes will affect lipid metabolism, which can be reflected in liver function damage. Therefore, lipid metabolism is an important indicator of liver injury (Koike et al. 2010) . Recent studies have found that subcutaneous fatty tissue can be transferred to the liver by acetaldehyde mobilization, resulting in the TG content of liver increasing and gradually forming fatty liver. When liver cells are damaged, CHO synthesis disorders and their levels in serum increases with the degree of liver cell damage, and therefore, the changes of their levels in serum reflect the status of liver function. Liver damage mainly shows increased serum enzymes and bilirubin (Muriel 1999) . The LDL assay can be used as an auxiliary reference of indicators of liver function (Vazquez et al. 1999 ). This experiment was set up by alcohol mice models to study C-phycocyanin for protective effects of the subacute alcoholic liver injury. TBIL, CHO, and LDL levels can be very good indicators of liver function.
In the current study, subacute ethanol administration resulted in a considerable increase of the liver index and the elevation of the serum and hepatic ALT, AST, TG, CHOL, LDL, and TBIL levels, suggesting that subacute ethanol administration induces typical liver cell damage. However, the study showed that PC effectively suppressed these adverse effects (Table 1) . Paralleled to these changes, histological examination showed little cloudiness, swelling, inflammatory cell infiltration, and spotty necrosis in PC-pretreated mice liver (400 mg kg −1 bw). These data strongly indicated that pretreatment with high-dose PC can effectively prevent liver cell damage induced by subacute ethanol exposure. SOD is an important free radical-scavenging antioxidant enzyme. Its activity is decreased with alcohol intake causing peroxide oxidation of unsaturated fatty acids and resulting in damage to DNA, proteins, and enzymes, thereby accelerating liver injury (Jurczuk et al. 2004 ). Our results showed that, when compared with the model group, SOD activity in liver tissue was significantly enhanced with each dose of Cphycocyanin group (Table 2) . We therefore infer that Cphycocyanin can suppress the reduction in SOD activity in alcohol-induced subacute mice liver injury.
MDA is a metabolic product of lipid peroxidation; thus, measuring MDA content reflects the extent of lipid peroxidation (Jurczuk et al. 2004 ). In our experiment, MDA content increased in the liver tissue of mice after liver damage. Damage in the model group was particularly serious. Cphycocyanin reduced MDA content, enhanced SOD activity in liver tissue in mice, and effectively reduced the production of free radicals and lipid peroxidation damage, thus having a protective effect of alcohol damage liver tissue.
T cells are the main components of the cellular immune lymphocytes, which perform specific cellular immune functions and regulation. Their numbers directly reflect the level of immune function in human cells. CD3+, CD4+, and CD8+ lymphocytes are the three major subgroups of T cells (Pawelec et al. 1999 ). CD3+ T molecules are expressed in all human T cells, which compose TCR/CD3 complex with T cell receptor. They play a key role in the TCR signal transduction process and as an important marker to identify T cells (Zapata et al. 1999) . CD3+ T molecule is responsible for transmitting signals of recognition of TCR peptide-specific antigen. It participates in T cell activation signal transduction in the early stages of series of important biochemical reactions. CD4+ T is a single-chain glycoprotein expressed in part of T cells, thymocytes, some B cells, EB virus-transformed B cells, monocytes, macrophages, and the surface of brain cells. This offers adhesion and signal transduction function. It can promote B cells, T cells, and other immune cell proliferation and differentiation. CD8+ T is expressed in part of T cells and thymocytes, which is an activator to suppress the immune response. Its biological function is mediating cell adhesion, signal transduction, and cytotoxic effector. It will kill the target cells like the cells of viral infections or express new tumorspecific antigens (Takahama 2006) . C-PC also increased serum CD3+ T and CD4+ T cell activation and the T cell proliferation rate significantly compared with the model group. T lymphocytes are the body's immune cells, and their activation, differentiation, and proliferation play an important role in the immune response. The current experimental results revealed that C-PC could improve ConA-induced spleen lymphocyte proliferation. Each C-PC group improved the T lymphocyte proliferative response and the percentage of CD3+ T and CD4+ T lymphocyte subsets in mice with subacute liver injury to varying degrees. The high-dose C-PC group had the strongest effect of enhancing the proliferation of T lymphocytes and increasing the percentage of CD3+ T lymphocytes (Table 3 ). The structure of the hepatic lobules was clear, the liver sinus returned to normal, and the liver cell cords were arranged in neat rows. Cloudiness, swelling, inflammatory cell infiltration, and spotty necrosis in the liver cells were all reduced significantly. Liver cells were scattered in small lipid droplets, which indicated cellular regeneration (Fig. 2) . C-PC could prevent liver fatty degeneration and focal necrosis effectively. Therefore, C-PC inhibited alcohol-induced liver cell damage and protected liver function in mice.
In conclusion, C-phycocyanin could improve immunity and inhibit alcohol-induced subacute liver cell damage. It also improved liver function significantly and thereby exhibited hepatoprotective effects in mice.
